The phenomenon of protein aggregation into amyloid fibrils is associated with a large number of major diseases of unrelated etiology. Unraveling the mechanism of amyloid self-assembly and identifying therapeutic directions to control this process are of utmost importance. Research in this field has been hampered by several challenges, including reproducibility, low protein purification yields, and the inherent aggregation propensity of amyloidogenic proteins, making them extremely difficult to study. Herein, on the basis of the similarity in the assembly mechanism, as well as the physical, chemical, and biological characteristics, of diphenylalanine nanostructures and aromatic amino acid containing amyloid fibrils, we report a simple, yet robust peptide-based platform that could be used for screening of small molecules potentially capable of interfering with the aggregation process and for mechanistic exploration of their mode of action. The system was validated using four smallmolecule inhibitors, and the effect was examined via turbidity assay, thioflavin T fluorescence, and electron microscopy. The aggregation profile of diphenylalanine was very similar to that of β-amyloid polypeptide in the presence of the modulators. Rosmarinic acid emerged as an extremely potent inhibitor and a destabilizer of the aggregates. The effect of stoichiometric variation of rosmarinic acid on the process of destabilization was also probed using a microfluidic technique. Finally, the formation of equimolar complexes of diphenylalanine and inhibitors was detected using mass spectrometry. This approach not only provides a system for high-throughput screening of possible inhibitor molecules from larger libraries of modulators, but is also highly useful for understanding the mechanistic aspects of the interactions leading to the process of inhibition.
V arious amyloidal diseases of unrelated etiologies, including Alzheimer's disease, Parkinson's disease, amyotrophic lateral sclerosis, Huntington's disease, Creutzfeldt-Jakob disease, and type II diabetes, are associated with noncovalent interactions between peptides or proteins leading to their aggregation. 1−5 These disorders are typically characterized by the accumulation of disease-specific proteins or peptides into β-sheet rich plaques. 6 Over the years, continuous efforts have been made to examine the molecular basis of such associations, their mechanism of progression, and the ways to prevent these processes. 3,7−14 The common aggregation pattern of a variety of unrelated proteins has prompted the search for common mechanisms of progression and treatment for most of these diseases. This putative generic mechanism of action was supported when polyphenols were found to be effective in reducing the aggregation of several amyloidogenic proteins of unrelated origin. 15−18 Several indepth investigations have revealed the cumulative role of hydrogen bonding, hydrophobic interactions, and steric interactions in the formation of these aggregates. 19−21 While aliphatic amyloidogenic peptides are known, the interactions between aromatic moieties often play a central role in facilitating molecular recognition leading to enhanced aggregation. Although aromatic amino acids are conserved in nature, their predominant presence in the structural backbone of aggregative proteins is of particular interest. 10, 16 Aromatic moieties often increase the aggregation tendency of a protein and play a major role in stabilizing the formed aggregates of very short peptides. 21 A global analysis of the aggregation propensity of all natural amino acids proposed that tryptophan and phenylalanine are considerably more amyloidogenic than the aliphatic amino acids. 10 However, the intrinsic aggregation tendency of the proteins themselves makes structure-based studies extremely challenging. 22 In vitro studies generally necessitate the tedious isolation and purification of the proteins with high yield. The slow and laborious isolation process of these aggregation-prone proteins for biophysical analyses using spectroscopic or microscopic techniques sometimes leads to false positive results. 23 Often, working with full-length proteins leads to many variations and low reproducibility of the results. 24 Hence, establishing an alternative, easy to handle, platform that does not involve the challenge of protein purification and simultaneously gives reproducible results is of utmost importance.
To this end, we chose a reductionist approach aimed at understanding the key factors that trigger the cascade of protein aggregation. 25−28 Previous studies have demonstrated the ability of short penta-and heptapeptides to aggregate into amyloid-like structures showing biophysical properties similar to larger polypeptides. 4, 29 Systematic investigation of β-amyloid polypeptide (Aβ) led to identification of the diphenylalanine (FF) dipeptide, which was shown to form nanotubes highly resembling the characteristic amyloid fibrils. 30, 31 The FF dipeptide was identified as the smallest unit or the core recognition motif of β-amyloid polypeptide that undergoes selfassembly into ordered structures ( Figure 1 ). The exchange of phenylalanine residues at the C-terminus of Aβ (1−42) with hydrophobic residues leads to a slower aggregation rate, while increasing the number of phenylalanine residues leads to higher aggregation propensities. 32 Spectroscopic investigations also indicated a β-sheet-like organization of the FF assemblies. 30 Moreover, most of the familial mutations within the polypeptide translated region leading to the early onset of Alzheimer's disease, such as Iowa, Arctic, Dutch, Italian, Ottawa, and Flemish mutations, are located adjacent to the FF region. 33 We therefore believe that the two phenylalanine residues in the 19 and 20 positions of the Aβ polypeptide play a significant role in the initial steps of interaction leading to the formation of the plaques. Furthermore, NMR studies have demonstrated the specific binding of inhibitory agents to the FF region of the full-length polypeptide. 25, 34 The FF region thus represents both a key molecular recognition and self-assembly unit, as well as a validated drug target for efficient inhibition of the amyloidogenic process. Recently it was also shown that similar to amyloidogenic polypeptides 35 FF ultrastructure formation is accompanied by the formation of reactive oxygen species, 36 thus supporting the functional similarity of the short peptide assemblies and the native amyloids (Table 1) . Additionally, the similarity in the photoluminescence properties of the FF module 37 and several aggregative polypeptides, 38, 39 as well as their similar mechanical properties, 40−42 is indicative of a common generic form of noncovalent packing. The pivotal importance of the FF motif is also reflected in the identification of metalloproteases found in E. coli and other bacteria, which specifically target the FF motif. 43 This enzyme appears to allow the growth of bacteria under conditions that promote protein unfolding. Thus, FF could be used as a model for amyloid systems, as it is endowed with most of the characteristics of amyloid-forming proteins.
Here, we aimed at designing an amyloid modulator screening model system using the FF peptide. One of the common strategies adopted in the search for a cure for these diseases is to identify small drug-like molecular entities capable of interfering with the process of self-aggregation, including small molecules and peptides. 44−48 Among them, a set of polyphenol-based inhibitors, which were previously identified as β-amyloid modulators, 16, 17 was selected for the validation of the model system. The inhibition pattern of FF aggregation by the polyphenols was studied using a turbidity assay, a thioflavin T (ThT) fluorescence assay, and electron microscopy analysis. Microfluidics was employed to gain further insight into the process of disassembly, and mass spectrometry analysis was used to reveal interactions taking place between FF and the amyloid modulators. From the list of selected inhibitors, rosmarinic acid (RA) was found to be an extremely potent inhibitor of FF aggregation both before and after the crucial nucleation. The mechanism of inhibition by RA was further studied in detail using microfluidic techniques. Although some in vitro screening systems have been previously reported, 7, 22 this is a study primarily involving the utilization of a simple dipeptide system instead of a complex polypeptide or a fulllength protein, thus providing the advantage of inexpensive materials, as well as a facile and short fibril formation process, thereby allowing high-throughput screening for possible smallmolecular amyloid modulators. The generality of the developed platform will enable the identification of potential drug modalities that might be simultaneously effective toward more than one amyloidal disease.
RESULTS AND DISCUSSION
The Amyloid Modulators Library. A set of four molecules previously shown to inhibit and disassemble the ordered structures formed by different amyloidogenic peptides was selected for this analysis: RA, nordihydroguaiaretic acid (NDGA), tetracycline, and epigallocatechin gallate (EGCG). RA, an active ingredient of some culinary herbs, such as rosemary, basil, and sage, significantly reduces the cytotoxicity of Aβ-oligomers in cultured rat pheochromocytoma (PC12) cells. 49, 50 RA also acts as a peroxynitride scavenger and was shown to prevent memory impairments induced by Aβ 25−35 injection in a mice model. 50 The polyphenolic antioxidant NDGA reduces the cytotoxicity of Aβ-fibrils toward cultured hippocampal neurons in a concentration-dependent manner. 51, 52 The classical antibiotic tetracycline has also been reported to mitigate the toxic effect of Aβ-oligomers and to disassemble preformed oligomeric aggregates. Interestingly, 
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Article DOI: 10.1021/acsnano.7b01662 ACS Nano 2017, 11, 5960−5969 tetracycline and its group of compounds have been reported to have a pronounced disassembling effect on several amylogenic proteins, including Aβ 1−40 and Aβ 1−42 , transthyretin, β2microglobulin, and Islet amyloid polypeptide (IAPP). 9, 53, 54 EGCG, a principal component of green tea, has been demonstrated to affect the aggregation pattern and cytotoxicity of aggregative proteins such as Aβ and α-synuclein. 15, 55 These modulators were also found to inhibit the aggregation process as well as destabilize preformed fibrils of Aβ 1−40 and Aβ 1−42 . 9, 18, 51 We also used benzimidazole (BI), which is commonly used as a probe for imaging proteins such as Tau and Aβ, as a negative control molecule. It has been established that BI does not interact with IAPP and has no effect on its aggregation. 56 Tuning the Assembly Process. For studying the aggregation kinetics of the model FF peptide in the presence of the selected molecules, we performed a turbidity assay ( Figure 2A ). FF was added to individual stock solutions of the modulators at an equimolar ratio. The absorbance of the mixtures was recorded at 405 nm and plotted for 12 h. Interestingly, we observed very low growth of the assemblies when incubated with RA, tetracycline, or EGCG, whereas with NDGA, growth of nanostructures was observed after incubation for 5 h and the extent of growth was about 40% less than that observed in the control FF system without any modulator or in the presence of BI, which was similar to the control. To gain a distinct notion about the effect of each modulator on the process of assembly over time, FF was added to modulator stocks and the turbidity was measured following 48 h of incubation ( Figure 2B ). The turbidity after 48 h showed an abundance of nanostructures in the presence of BI. However, formation of the nanostructures was significantly reduced in the presence of EGCG followed by tetracycline and NDGA, while almost no growth was observed in the presence of RA. Hence the order of growth inhibition ability is RA > EGCG > tetracycline > NDGA ≫ BI.
To further validate the effect of the examined molecules on the aggregation process of FF, we used the ThT binding assay. We studied the formation kinetics of FF fibers in the presence of RA, EGCG, tetracycline, or BI. ThT was added to the modulator solutions followed by the addition of FF in HFIP. The rate of fibril genesis was monitored by recording the emission intensity of ThT at 490 nm over 12 h. The results were indeed quite similar to those of the turbidity assay. Predominant impedance in the formation rate of the structures was observed when FF was incubated with RA, tetracycline, and EGCG, about 50% growth of FF fibrils was observed following incubation with NDGA, whereas a near normal growth of the structures was observed in the presence of BI ( Figure 2C) .
In order to visualize the nanostructures formed by FF in the presence of the examined molecules, we subjected the systems to transmission electron microscopy (TEM) studies ( Figure  2D−I) . FF was added to the modulator stock solutions at an equimolar ratio and incubated for 24 h. The samples were 
Article DOI: 10.1021/acsnano.7b01662 ACS Nano 2017, 11, 5960−5969 subsequently imaged using TEM. The TEM images of the control FF and BI clearly showed numerous fibers of varying diameters, while no fibers of similar nature were observed when FF was treated with RA, and only amorphous aggregates were identified ( Figure 2D−F) . When FF samples were incubated with NDGA, only very small fibers, as compared to the control, were detected ( Figure 2G ). Absolutely no fiber formation was noted when tetracycline or EGCG was used ( Figure 2H,I) .
Hence all the studied molecules exhibit a pronounced effect on the aggregation of the FF peptide. In the case of RA, the turbidity assay, end point analysis, and the ThT assay clearly show the lack of FF aggregation (Figure 2A) , which is probably due to the interference of RA with the initial nucleation process of FF and its effect on the aggregation pathway of the system. While the TEM image ( Figure 2F ) does show some fibers, the morphology seems extremely different from the typical morphology of the FF nanotubes. Similarly, the turbidity assay, end point analysis, and the ThT assay of tetracycline and EGCG highlight the significant impedance in the selfaggregation of the FF system. Indeed, the electron microscopy images ( Figure 2G ,I) indicate that the process of inhibition is probably manifested by the formation of amorphous aggregates, different from the typical FF nanostructures. Most interestingly, in the ThT and turbidity assays of NDGA we can clearly observe a delayed initiation of the aggregation of FF. Moreover, with complete concurrence with these assays, the TEM image ( Figure 2H ) clearly shows the presence of small FF nanotubes instead of the longer ones. In addition, the lack of effect of BI on the aggregation of FF is observed in all experiments.
Disassembly of Diphenylalanine by the Introduction of Modulators. Next, we aimed to determine whether the modulators can also trigger a process of disassembly by analyzing their effect on preformed fibers using a turbidity assay ( Figure 3A) . FF structures were prepared, and after 2 h, RA, EGCG, NDGA, tetracycline, or BI stock solutions were added at an equimolar ratio and the absorbance of the mixtures at 405 nm was recorded over 12 h. Remarkably, a significant decrease in the turbidity was observed for the fibers incubated with RA, indicating degradation of the fibers, with almost 80% of the structures disassembled after 12 h. It was also noted that about 25% of the structures underwent disassembly following incubation with EGCG, but no further decay took place at this concentration ratio. Almost no disassembly was recorded when the structures were treated with NDGA, tetracycline, or BI after 12 h of incubation. We also recorded the effect of the treatment with modulators on preformed nanostructures after 48 h. Treatment with BI had no effect on the preformed fibrils, and treatment with tetracycline resulted in an almost negligible effect ( Figure. 3B ). Remarkably, a significant effect was observed following incubation with RA, as almost 75% of the preformed fibrils disassembled after 48 h, while a slight effect of disassembly was observed after the treatment with EGCG and NDGA. Thus, the order of disassembling potential of the modulators is RA > EGCG > NDGA ≫ tetracycline > BI.
Subsequently, we studied the effect of the molecules on preformed FF structures using the ThT binding assay. For this aim, FF structures were prepared and ThT was added. Following a 2 h incubation, solutions of RA, tetracycline, NDGA, EGCG, or BI were added in an equimolar ratio. The fluorescence intensity of ThT was recorded over 12 h. The results clearly indicated the potency of RA in disassembling the FF nanostructures, with an almost 90% decrease in fluorescence ( Figure 3C) . Similarly, an almost 25% decrease in fluorescence intensity was observed following incubation with EGCG, while no significant disassembly was detected in the case of tetracycline, NDGA, or BI. Consistent with the results of the turbidity assay and TEM analysis, RA and EGCG emerge as potential inhibitors and destabilizers of FF fibrils.
Likewise, we aimed at understanding the process of disassembly of the preformed nanostructures upon treatment with the modulators using TEM. As before, FF structures were allowed to form over 2 h of incubation. Then, RA, tetracycline, EGCG, NDGA, or BI was added to the preformed nanostructures and further incubated for additional 24 h, and the samples were dried and imaged using TEM. The images obtained in the untreated sample and following treatment with BI showed the presence of intact FF fibers of about 10 μm ( Figure 3D,E) . However, significantly scarcer fibers were observed after treatment with RA ( Figure 3F ). Although it was notable that fibers in the range of 10 μm were abundant in the samples treated with NDGA, tetracycline, or EGCG, many broken small fibers in the range of 1 μm or smaller were also observed in large numbers ( Figure 3G−I) .
Thus, analysis of the disassembling effect of the chosen set of modulators reveals that only RA can potentially disassemble the FF nanostructures. This is evident from the disassembly kinetics using the turbidity and the ThT assay, which demonstrate nice disassembly of the nanostructures over time ( Figure 3A,C) . These results are also supported by the TEM image ( Figure 3F) , where smaller nanostructures are observed, compared to the much larger ones in the control system ( Figure 3D) . Similarly, the turbidity and ThT assasy of tetracycline and NDGA are in concurrence with the TEM images ( Figure 3G,H) , where almost unaffected FF nanotubes are abundantly observed. However, in the case of EGCG, although the turbidity assay, the end-point analysis, and the ThT assay show a reduction of the FF nanostructures, it is difficult to observe the same in the TEM images, probably due to its low effect. The turbidity assay, ThT asay, and the TEM images also validate BI as the control molecule, which does not affect the FF nanostructures.
Direct Visualization of the Disassembly. To gain further understanding of the disassembly process by RA and to visualize the process in real time, a microfluidic technique was applied. The use of microfluidics to monitor a single nanofiber in real time was recently described. 57, 58 Initially, preformed FF nanotubes were injected into the microfluidic device and confined by micrometer-scale pillars of polydimethylsiloxane (PDMS). While the majority of assemblies were washed away from the device, a portion of the assemblies were restricted by the PDMS pillars and did not migrate upon the introduction of solution flow into the device. The microfluidic device has two inlets in which two different solutions can be injected at different flow rates. The two solutions are mixed into a homogeneous solution before flowing into the area of the confined structures. One solution consisted of 3.2 mM FF in 1% DMSO, while the other solution consisted of 3.2 mM FF and 1.4 mM RA. The flow rate ratio of the two solutions determines the ratio of RA:FF in the mixed solution. While the FF concentration in the mixed solution is permanently set to 3.2 mM, the RA concentration can vary from 0 to 1.4 mM with alteration of the flow rate ratio between the two solutions. We were therefore able to investigate the effectiveness of RA at various RA:FF ratios. When injecting only FF at the supercritical concentration of 3.2 mM, the structures rapidly elongated (Figure. 4A ). 57 When adding RA at an RA:FF ratio of 0.18, the assemblies no longer elongated and the length of the nanotubes remained the same ( Figure 4B ). Further increasing the RA:FF ratio to 0.36 resulted in disassembly of the structures and decrease in the nanotube length ( Figure 4C ). This visualization technique can clearly be used to show the impact and effectiveness of different compounds on selfassembly systems.
Probing the Interactions of FF and the Modulators. Following the observed effect of the modulators on the assembly of FF, we were interested in studying the intermediate complexes and the nature of the interactions leading to the overall process of inhibition or disassembly. 59 Mass spectrometry has lately emerged as an important tool for studying the interplay of small molecules with amyloid-forming peptides and metaclusters. 56, 60, 61 Initially, we started with the study of FF in water using electron-spray-ionization mass spectrometry ( Figure 5A ). To detect the interactions between the peptide and the modulators, FF was dissolved in water, and all the examined modulators, as well as BI, were added in an equimolar ratio. We also studied the blank spectra of the modulators (Figures S1−S5, Supporting Information, SI). When FF was treated with BI, only the m/z of the FF monomer at 311 and of the FF dimer at 645 were observed ( Figure 5B ). However, in the presence of most modulators, the m/z corresponding to the dimer completely vanished and only the signal of the monomer was observed. Following treatment with RA, in addition to the m/z peak at 311 corresponding to monomeric FF, m/z signals at 359, corresponding to blank RA, and at 671, corresponding to the FF−RA complex, were obtained ( Figure 5C ). Similarly, following treatment with either NDGA or EGCG, the major peak corresponded to the blank modulator followed by the monomeric FF and FF−modulator signals were observed ( Figure 5D ,F). However, for tetracycline the noted peaks corresponded to monomeric FF, blank tetracycline, and dimeric FF, while no signal for a FF−tetracycline heterodimer was obtained, which probably suggests the inhibition takes place via a route different from that of the other modulators ( Figure 5E ). While small peaks corresponding to modulator homodimers were obtained, the significantly higher intensity of the peaks corresponding to FF−modulator heterodimers suggests that the latter represent stable intermediate complexes. Moreover, the absence of such complexes in the case of BI and the significant decrease of dimeric FF in the presence of the modulators support the concept of strong interactions between FF and the modulators. 
CONCLUSIONS
Identifying small molecules that can modify the aggregation of various amyloid proteins and thus bearing the potential to serve as treatment for amyloid-related diseases has long been hampered by the lack of reliable screening systems. Here we present, as a proof of concept, a screening system based on the modulation of both the assembly and disassembly processes of FF assemblies. Our results demonstrate this platform to be inexpensive, reliable, reproducible, and easy to use, thus establishing a promising methodology for the identification of amyloid modulators. The extensive analysis of the modulation of FF assembly and disassembly by the four molecules examined here is in high accordance with their previously established effects on aromatic amino acid containing amyloidogenic proteins. Notably, the chosen molecules have different types of effects on amyloidogenic proteins, and the same specific patterns of interaction are reflected in our FF model system. Moreover, BI shows no effect on the genesis or disassembly of FF fibrils, as previously shown for IAPP. 56 The effect of RA on FF is quite analogous to its effect on Aβ, acting as both a potent inhibitor and a destabilizer. 9, 18 Similarly, EGCG, a known potential inhibitor and destabilizer of Aβ and α-synuclein, displays a comparable effect on the FF system. 15 Likewise, tetracycline, which is known to be a strong inhibitor and weak destabilizer of Aβ, 53 exerts a similar effect on the FF model system. Finally, the inhibition and destabilization effect of treatment with NDGA is similar to that observed in the case of Aβ. 51 This study establishes a system for high-throughput screening of possible inhibitor molecules of several amyloidogenic diseases, which is applicable for larger libraries of modulators.
METHODS
Materials. The modulators (RA, tetracycline, NDGA, BI, and EGCG, purity ≥98), DMSO, thioflavin T, and hexafluoroisopropyl alcohol (HFIP) were procured from Sigma, and ultrapure water was obtained from Biological Industries. L-Diphenylalanine was purchased from Bachem at a purity level of >98%.
Preparation of Modulator Stock Solutions. For most applications, stock solutions of the required concentration were prepared in 1% DMSO−water for RA, tetracycline, EGCG, and BI, while NDGA was dissolved in 25% ethanol−water at room temperature. However, for TEM analysis 10% ethanol−water was used for preparing RA, tetracycline, EGCG, and BI solutions, while NDGA stock was prepared as described above.
Turbidity Assay. The modulator solutions were freshly prepared as described above to a concentration of 6.4 and 12.8 mM. For studying the process of assembly, FF was then dissolved in HFIP at a concentration of 320 mM and then added to the modulator solutions (6.4 mM) to achieve a concentration of 6.4 mM of FF. For the process of disassembly, a 12.8 mM FF in HFIP stock solution was prepared, and structures were formed. After 2 h the modulators (12.8 mM) were added and turbidity was recorded at 405 nm using an ELISA reader (Synergy HT, Biotek Instruments, Winooski, VT, USA). The final turbidity at 405 nm was also recorded after 48 h.
ThT Fluorescence Emission Spectra. Modulators were dissolved as described above to a concentration of 12.8 and 51.2 mM. In case of assembly, the FF (25.6 mM final concentration) was added to the solution of the modulator (12.8 mM final concentration), while for the disassembly, the modulators (final concentration of 25.6 mM) were added to preformed nanostructures (final concentration of 25.6 mM).
ThT fluorescence emission at 490 nm (excitation at 450 nm) was collected via the BMG Labtech Clariostar plate reader for 12 h. For the process of assembly, ThT (100 μM final concentration) was added to the solution of the modulators, while for the disassembly ThT was added to the preformed FF nanostructures.
Transmission Electron Microscopy. Modulators were prepared as described above at a concentration of 6.4 and 12.8 mM. For the process of assembly, FF in HFIP was added to the solution of modulators. In case of disassembly, the structures were allowed to form in solution followed by the addition of the modulators. The solutions were incubated for 24 h, and a 10 μL aliquot was placed on 400-mesh copper grids. After 1 min, excess fluids were removed. Samples were viewed using a JEOL 1200EX electron microscope operating at 80 kV. Calculating the diameter of amyloidal fibers of FF was performed by measuring five fibers from three different images.
Microfluidic Experiments. Microfluidic channels were fabricated in PDMS, using SU8 on silicon masters and standard soft lithography techniques. Inlets and outlets were punched, and PDMS was then plasma bonded to glass slides to create sealed devices. Preformed crystalline structures were inserted into the device. Then, a flow of solutions of known concentrations of monomeric FF and RA was injected at a rate of 4 μL/h using Cetoni GmbH neMESYS syringe pumps (Korbussen, Germany). This process was examined under an OPTIKA XDS-2 Trinocular inverted microscope, and images were captured every 5 s. Captured images were analyzed using ImageJ 1.45S.
Mass Spectrometry. The samples were prepared for mass spectrometry by dissolving the modulators and FF, both at a concentration of 1 mM, in water by heating to 90°C. Mass spectrometry was recorded using an Acquity UPLC system coupled to a TQD XEVO triple quadrupole ESI source mass spectrometer system from Waters (Milford, MA, USA).
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